oculocutaneous syndromes are often due to mutations in single genes. in some cases, mouse models for these diseases exist in spontaneously occurring mutations, or in mice resulting from forward mutatagenesis screens. Here we present novel genes that may be causative for oculocutaneous disease in humans, discovered as part of a genome-wide screen of knockout-mice in a targeted single-gene deletion project. the international Mouse phenotyping consortium (iMpc) database (data release 10.0) was interrogated for all mouse strains with integument abnormalities, which were then crossreferenced individually to identify knockouts with concomitant ocular abnormalities attributed to the same targeted gene deletion. The search yielded 307 knockout strains from unique genes with integument abnormalities, 226 of which have not been previously associated with oculocutaneous conditions. Of the 307 knockout strains with integument abnormalities, 52 were determined to have ocular changes attributed to the targeted deletion, 35 of which represent novel oculocutaneous genes. Some examples of various integument abnormalities are shown, as well as two examples of knockout strains with oculocutaneous phenotypes. each of the novel genes provided here are potentially relevant to the pathophysiology of human integumentary, or oculocutaneous conditions, such as albinism, phakomatoses, or other multi-system syndromes. the novel genes reported here may implicate molecular pathways relevant to these human diseases and may contribute to the discovery of novel therapeutic targets.
Results
integumentary data base search. All wild-type mice produced on the C57BL/6N background had a uniform black coat colour. Searching the IMPC database for knockout strains with integument defects identified 307 knockout strains (Supplementary Table 1 ). Phenotype details of the abnormalities are reported in the phenotype descriptions available on the IMPC web portal for some strains. Among the 307 knockout strains identified as having an integument phenotype, 81 have a previously described role in cutaneous biology (Abcb6, Abcd4, Acer1, Actg1, Acvr1b, Acvr2b, Aldh2, Alg1, Alg8, Ankle1, Arpc2, Arpc4, Ash1l, B2m, Barx2 Svep1, Tmem79, and Ywhaz) . A total of 58 of these 81 genes have published knockout mouse models, while a knockout strain for the remaining genes with a cutaneous phenotype have not been reported. A total of 134 of the 307 genes have published knockout mouse models, 76 of which have no reported integument phenotype. For example, one of the genes that does not have a published knockout mouse strain, structural maintenance of chromosomes 3 (Smc3), is known to be associated with hair abnormalities as part of the constellation of abnormalities seen in Cornelia de Lange syndrome in humans, characterized by bushy eyebrows and long curly eyelashes 9 . In total, 226 of the genes reported here have no published integument phenotype information and therefore represent novel integument disease genes.
oculocutaneous data base search. To determine if any of the knockout strains with integument phenotypes also had ocular phenotypes, the 307 genes with cutaneous and/or hair coat colour phenotypes were searched in the IMPC database for coexisting ocular abnormalities detected during the eye test of the IMPC phenotyping pipeline. A total of 52 of these knockout strains were found to have concomitant ocular phenotypes (Supplementary Table 2 ). Seventeen of these 52 genes have previously described ocular and integumentary associations (e.g. and Dct −/− respectively) (Fig. 1A,B) . Mc1r −/− mice (Fig. 1A , left) have a uniformly hypopigmented coat color of strawberry blonde compared to uniformly black hair coat color of wild-type C57BL/6N controls (Fig. 1A,  right) . Dct −/− mice have a gray coat color (Fig. 1B,B' , left) compared to C57BL/6N controls (Fig. 1B,B' , right). Heterogenous coat color changes were also noted, such as a white patch of hair coat on the abdomen. An example, homozygmous null Endog tm1.1(KOMP)Vlcg mice (hereafter defined at Endog −/− ), were observed and annotated to have a white patch on the ventral abdomen (Fig. 1C,C' ). However, only 3 out of 8 Endog −/− had a white patch, which may either represent reduced penetrance of the Endog −/− phenotype or a nonspecific phenotype unrelated to this gene. A total of 76 of the 307 knockout mouse strains reported here have previously described knockout mouse models but no integument phenotypes were reported. Allelic differences in the approach of the knockout strategy, strain-specific differences, and possible lack of careful attention to integument phenotypes may in part explain these discrepancies. oculocutaneous phenotypes. Of the 52 genes found to have both integument and eye phenotypes, 3 had ocular pigmentation abnormalities. Wild-type C57BL/6N controls had normal ocular fundus appearance ( Fig. 2A) , darkly pigmented choroidal melanocytes and retinal pigmented epithelium (RPE) (Fig. 2B) , expected cutaneous pigmentation and black hair coat (Fig. 2C) , and brown irides (Fig. 2D) (Fig. 2E ), RPE and choroidal melanocyte hypopigmentation detectable in histological section (Fig. 2F) , hypopigmentation of the skin and hair (Fig. 2G) , and transillumination defects of the iris due to reduced pigmentation (Fig. 2H) . These findings are consistent with human patients with mutations in DTNBP1, who are affected with cutaneous albinism, iris and retinal ocular albinism on eye exam, and RPE hypopigmentation apparent on histology 17 . The targeted deletion of the Dtnbp1 gene produced by the IMPC recapitulates the main features of Hermansky-Pudlak syndrome (HPS), a rare autosomal recessive genetic disorder affecting roughly 1/500,000 individuals worldwide, but disproportionately present in 1/1800 people in Puerto Rico 18, 19 . The disease causes a constellation of oculocutaneous albinism, in addition to platelet abnormalities, and accumulation of ceroid lipofuscin 20 . The pathophysiological basis of Hermansky-Pudlack syndrome is thought to be secondary to lysosomal dysfunction 21 . Mutations in at least nine different genes can cause this disorder, including HPS1, www.nature.com/scientificreports www.nature.com/scientificreports/ HPS2 (aka AP3B1), HPS3, HPS4, HPS5, HPS6, HPS7 (aka DTNBP1), BLOC1S3, and BLOC1S6 2, 22 . Diagnosis of HPS is based on the presence of hypopigmentation of the skin, hair, and eyes, as well as decreased dense bodies in platelets. Molecular testing is commercially available for HPS1, HPS3, and HPS4. Dtnbp1 −/− produced by the IMPC is also similar to the phenotype of the spontaneously-occurring Sdy mouse 18 . Sdy mice have a large (~38 kb) deletion eliminating exons 6 and 7 of the Dtnbp1 gene, which codes for Dysbindin protein 23 . Some human patients with HPS harbor mutations in this gene, and Dysbindin is a component of the biogenesis of lysosome-related organelles complex 1 (BLOC-1). The BLOC-1 complex includes the proteins Pallidin, Muted, and Cappuccino, which are associated with HPS in mice. These proteins act in a coordinated fashion to regulate trafficking to lysosome associated organelles. Melanosomes are one such organelle, depending on BLOC-1 function. Both RPE cells and choroidal melanocytes in Sdy mouse eyes have pigmented granules that are abnormal in appearance and fewer in number compared to wild-type controls 23 . The findings reported here strongly resemble the previously described phenotype of the spontaneous mutation of Dtnbp1 in Sdy mice, and also supports the role of dysbindin protein in HPS.
The beige mutant mouse strain, originally reported in 1967, has a lighter coat color than wild-type mice 24 . The mutation associated with this strain's coat color phenotype is located in the Lyst gene. Lyst mutations are associated with Chediak-Higashi syndrome (CHS) in humans, an oculocutaneous albinism syndrome analogous to HPS. The IMPC has produced a targeted homozygous null Lyst mutation (Lyst tm1b(EUCOMM)Wtsi , hereafter Lyst −/− ). Lyst −/− mice have reduced pigmentation of the RPE and thus highly visible underlying choroidal vasculature (Fig. 2I) . The choroidal melanocytes beneath the RPE appear to be moderately hypopigmented (Fig. 2J ) compared to C57BL/6N wild-type control animals (Fig. 2B) . The hair coat color is slightly less pigmented resulting in a gray color (Fig. 2K ) compared to wild-type C57BL/6N littermates (Fig. 2C) . The iris is dark gray in Lyst −/− mice, with no other obvious iris abnormalities noted (Fig. 2L) .
Chediak-Higashi syndrome is a very rare autosomal recessive disease with less than 500 cases reported in the literature 25 . The clinical syndrome consists of oculocutaneous albinism, in addition to immunodeficiency, and neuropathy, and is considered primarily to be a lysosomal disorder 26, 27 . It has been described in many mammalian species, including rats 28 , cows [29] [30] [31] , cats 32 , mink 29 , foxes 33, 34 , and orca 35 . Spontaneous mutations in mice, which recapitulate the main features of CHS were originally published more than 60 years ago [36] [37] [38] . The coat color of these mice is hypopigmented, so the name "beige" was adopted to describe their phenotype 39 . "Beige" mice have reduced pigmentation in hair, skin, and eyes 40 . A second "beige" mutation occurred on a non-agouti background, www.nature.com/scientificreports www.nature.com/scientificreports/ and these animals have a charcoal gray coat color. The coat color is dependent on the genetic background of the animal 41 . "Beige" mice have pigment granules, but they are much larger and fewer in number than in control mice, and they are clumped together, giving the animals an overall hypopigmented appearance. Similarly, white blood cells and various cells of the lungs and kidneys also have giant granules 24, 41 . A progressive, insidious neurological disease affects the mice as they age 41 . Immunodeficiency has also been described in "beige" mice, specifically altering natural killer cell function, T-cell response to tumors, and decreased ability to kill bacteria, making these mice susceptible to infection 42, 43 . "Beige" mice weigh less and die younger than controls 41 . Genetic analysis of a spontaneous mutation of "beige" mice revealed that the "beige" allele causes a deletion of a single amino acid (isoleucine) from the WD40 domain of the Lyst (lysosomal trafficking regulator) protein 44 . Another spontaneous Lyst deletion was the result of an insertion of a LINE-1 element resulting in expression of a predicted truncated protein lacking the C-terminus, including the WD40 domain 45, 46 . The location within the WD40 domain suggests that the mutation may disrupt a protein-protein interaction 47 . A total of 9 spontaneously occuring Lyst mutations are reported in the MGI mouse mutant index (data release 7.0).
CHS in humans is caused by mutations in the CHS1 48 . Runkel et al. reported another mutation in the Lyst gene which they discovered in an ENU mutagenesis screen, resulting in a mouse with gray coat color which they named Lyst(bg-gray) 49 . Similar to studies in "beige" mice, the authors reported enlarged and irregular melanosomes in all pigmented cell types. The knockout mutation produced by the IMPC and reported here was made on the C57BL/6N background strain. This mutant strain has a gray rather than beige coat color due to the dark coat pigmentation of the background strain. The cutaneous and ocular pigmentation abnormalities identified in Lyst −/− mice by the IMPC are similar to those reported previously [50] [51] [52] [53] [54] [55] . The Lyst −/− mice in this report have gray coat color but no detectable iris pigmentation abnormalities (Fig. 2L) , in agreement with a previous report, that demonstrated only very subtle iris transillumination defects 44 . Ultrastructural analysis of the iris has shown enlarged melanosomes in beige mice 44 . The fundus images of IMPC Lyst −/− mice showed a reduced pigmentation pattern (Fig. 2I ) that makes the choroidal vasculature more apparent compared to wild-type C57BL/6N control fundus ( Fig. 2A) . This distinctive pattern of choroidal vasculature can be described as tigroid, and is a feature of albinism 56 and some other pathological retinal states in human patients 57 .
novel oculocutaneous genes. The advantages of searching the IMPC data base to identify candidate genes for human syndromes are that mammalian genes can be targeted in mice but not in humans. Furthermore, the IMPC aims to knockout all genes in the mouse genome making it an unbiased approach to discover novel disease genes. This approach is particularly valuable for discovering genes relevant to multisystemic human syndromes since the phenotyping process in knockout mice spans all organ systems and is harmonized between IMPC centers. Although there are distinct biological similarities between mouse and human eyes, the obvious differences between human and mouse are potential disadvantages, and disease genes in mice may not correlate to similar pathologies in humans in every case. The fact that a significant number of disease genes discovered through this study agrees with previously published phenotypes in mice and human patients validates the overall approach of the IMPC program in general. It is important to emphasize that only statistically significant phenotypes are reported by the IMPC, and partially penetrant phenotypes not meeting statistical significance such as the hypopigmented belly patch in the Endog −/− mice may be sporadic and unrelated to the function of this gene.
We report here 226 novel genes associated with integument phenotypes using the power of reverse genetic screening in mouse strains with knockout mutations. Among these 226 novel cutaneous genes, 35 also had novel ocular phenotypes. These genes may eventually prove to be relevant in human phakomatoses, albinism, or other syndromes. If these genes are relevant to human patient populations, then these knockout strains may be useful animal models for testing pharmacologic, genetic, or cell-based therapies. All of the IMPC knockout strains reported here are readily available to the scientific community from IMPC repositories as frozen germplasm (e.g. www.mmrrc.org). Furthermore, the phenotype findings reported here in mice may help clinicians identify a more complete clinical picture of human patients found to have disease-causing mutations in these genes. Lastly, the molecular pathways in which these targeted genes function may shed light onto the mechanisms underlying dermatologic and oculocutaneous diseases.
Materials and Methods
Animals. Strict ethical review licensing and accrediting bodies were used by all IMPC centers that are reflective of their national legislation (Institutional Animal Care and Usage Committees, Regierung von Oberbayern, Com'Eth, Animal Welfare and Ethical Review Bodies, RIKEN Tsukuba Animal Experiments Committee, and Animal Care Committee). Phenotyping procedures were routinely assessed for animal welfare to minimize suffering.
An initial list of integument phenotypes was developed by searching the IMPC site under the 'phenotypes' tab for all integument phenotypes. This enabled the widest possible net to be populated, encompassing non-specific integument abnormalities (e.g. hair, skin, nails, etc.). A complete gene list from each phenotype was then exported to a spreadsheet, and a total gene population with all associated integument phenotypes was curated. The IMPC dataset returned a list of 307 genes associated with cutaneous phenotypes. These 307 genes were then cross-referenced with phenotypes related to ocular (eye) morphology, as well as other systemic phenotypes, by searching each gene individually. A total of 52 genes were identified to have both integument and ocular phenotypes. All genes with an integument phenotype were then queried in a literature search, specifically by searching www.pubmed.gov and www.google.com/scholar for each gene and the search term "skin, " "hair, " and "integument, " and similarly for the oculocutaneous genes for "eye" and/or the anatomical structure within the eye affected by the reported phenotype, such as "retina". Each gene was then categorized as having no known www.nature.com/scientificreports www.nature.com/scientificreports/ association with a mouse integument or ocular abnormality, or a human integument or ocular abnormality. An additional search was then completed for each gene using the search term "knockout" to evaluate if a mouse knockout model has been produced for any of the identified genes outside of the IMPC. ophthalmic phenotyping. Complete ophthalmic examinations were done on both eyes of each mouse at 15-16 weeks of age. A standardized phenotyping protocol for evaluation of ocular and adnexal structures was followed by all phenotyping centers. Examinations were carried out by highly trained and experienced technical staff using ocular imaging equipment that was overseen by lead site scientists. Examiners were trained to identify and annotate background lesions common in the C57BL/6N strain.
As described in prior publications from the IMPC, examinations were carried out in a randomized fashion, and examiners were masked to the genotype and zygosity of mice before and during examination 58 . Each cohort of knockout mice was examined with wild-type animals serving as controls mixed into the cohort. If ocular phenotypes were discovered in a cohort of mice, they were considered to be due to the knockout genotype only if they were exclusively identified in the knockouts. Each examiner was presented with a varying number of mice of different knockout strains on a given examination day, ultimately totaling at least 7 male and 7 female homozygous (viable lines) or heterozygous (non-viable lines) knockout mice and 2 male and 2 female wild-type littermates per knockout strain. At some centers, pupillary light reflexes were evaluated, and the eyelids, third eyelid, conjunctiva, sclera, cornea, iris, and anterior chamber were examined using broad beam illumination at the highest intensity setting (Kowa SL-15, Kowa, Tokyo, Japan) with magnification set at 16×. The irides of all mice were then pharmacologically dilated with a solution of 1:7 10% phenylephrine HCl (Akorn Inc., Lake Forest, IL, USA): 1% tropicamide (Bausch & Lomb Inc., Tampa, FL, USA). The anterior segment was examined using a 0.1 mm slit beam at the highest intensity setting to evaluate the cornea, anterior chamber, and lens, followed by posterior segment evaluation including the vitreous chamber. Fundus examination was performed via indirect ophthalmoscopy using a 60 diopter double aspheric handheld lens (Volk Optical Inc, Mentor, OH, USA).
Background lesions were identified based on expected changes associated with the strain-specific C57BL/6N and retinal degeneration 8 (rd8) mutations 59 . Findings in both categories were excluded from the study's dataset. Background lesions occurred at approximately equal frequencies among knockout and wild-type strains 60 .
Histology. Mice were euthanized according to IMPC protocols and both eyes were immediately collected and immersion fixed in 10% neutral-buffered formalin. Parasagittal sections were processed routinely, embedded in paraffin, sectioned (4-5 µm), and stained with hematoxylin and eosin. The histopathology was evaluated by a veterinary pathologist. Focal retinal dysplasia observed during histopathology analsysis were considered background strain changes attributed to C57BL/6N genetic background and were not included as genotype-associated findings. ocular imaging. At some centers, mice with an ocular lesion suspected to be related to genotype were flagged for further examination using advanced imaging techniques. These mice were anesthetized with an intraperitoneal injection of ketamine/midazolam (50-75/1-2 mg/kg). Eyes were dilated with tropicamide 1% and phenylephrine 2.5% drops and lubricated with artificial tears containing methylcellulose. Slit lamp anterior segment and fundus images were acquired with a Micron III or IV retinal imaging microscope (Phoenix Research Laboratories).
